MINERALOGY OF IMPACT DIAMONDS
The gneissic target rocks at Popigai contain graphite flakes, crystals, and aggregates 20 µm to ≥10 mm. Well-shaped tabular graphite crystals are usually 0.1-1 mm long and are elongated parallel to the gneissic fabric. Diamonds, which are also found in situ in shocked crystalline rocks (Fig. 1A) , commonly show tabular or isometric shapes, indicating that they preserve the crystal habit of the precursor graphite crystals and are thus paramorphs after graphite (paracrystals, cf. Masaitis et al., 1990) . Goniometric examinations of the diamond paracrystals show occasional deviations of the vertical prismatic crystal angles from the 60°present in graphite.
The diamonds vary from black, gray, and brown, to yellowish-white and translucent, and show strong birefringence (up to 0.025). The origin of the color variation is unknown. They commonly display a layered texture (in some cases with slight rotation between connected layers), twinning, and striations ( Fig. 1, B and C) . The diamonds often show dense, narrowly spaced lamellae (Fig. 1B) , which are interpreted to be the result of the shock transformation of the graphite to diamond. They also inherit one or two intersecting sets of more widely spaced twinning striations of the initial graphite (h.h.2h.l) (Fig. 1C) , which may have formed in graphite by shock compression before transformation to diamond (cf. Masaitis et al., 1990) .
SAMPLES AND TECHNIQUES
We performed a detailed study of impact diamonds as large as 2 mm (three yellowish-PY-1 to PY-3; three black-PB-4 to PB-6) by a variety of techniques, starting with scanning electron microscopy (SEM) and infrared absorption (IR) measurements. The IR spectra were obtained on uncut samples to avoid alteration during polishing when the samples' temperatures are as high as 1000°C. The three black samples were too opaque to obtain IR spectra. Spectra were collected on the three yellowish samples (PY1-3), and on one smaller black Popigai diamond (MSPOPI), using a Nicolet 740 Fourier-transformed infrared (FTIR) spectrometer (see Schrauder and Navon [1993] for details). Subsequently, the samples were cut or broken into several pieces for transmission electron microscopy (TEM), instrumental neutron activation analysis (INAA), X-ray, isotopic, and other studies. TEM was done with a Philips CM20-STEM at 200 kV on crushed and ion thinned diamonds.
ELECTRON MICROSCOPY
All impact diamonds are polycrystalline. SEM and TEM studies show that the diamonds are partly covered by a thin amorphous film, which may be a result of their being briefly in a high-temperature environment. X-ray diffraction (XRD) analyses of fragments of our samples (using a Gandolfi camera) show that two of them may contain as much as 25 vol% lonsdaleite, but the others do not show evidence for the hexagonal diamond modification. The evaluation of the XRD spectra show distinct line broadening, which is most likely due to the small crystallite size of the polycrystalline aggregates.
The TEM investigations show an internal layered texture with thicknesses of a few micrometres, which may be inherited from the precursor graphite. Sizes of individual diamond microcrystals are on the order of 1 µm or less. Figure 2A shows the intergrowth of the cubic diamond phase with a lamellar phase or defect. The nature of these lamellae could not be elucidated because of the limited resolution of the TEM (2.7 Å, whereas (111) lattice repeats correspond to 2.05 Å; Fig. 2B ). The lamellae could represent either stacking faults or microtwins. If multiple stacking faults occur, the lamellae could be interpreted to be lonsdaleite, the hexagonal diamond polymorph.
INFRARED SPECTROMETRY
The IR spectra of all diamonds examined exhibit the intrinsic diamond absorption bands. In addition, two of the transparent diamonds (PY-1, PY-3) show strong bands at around 655 and 2385 cm -1 , which are identified as the ν 2 and ν 3 bands of CO 2 , respectively (Fig. 3) . These spectra also show the combination bands (ν 3 + 2ν 2 and ν 3 + ν 1 ) of CO 2 . All four absorption bands are shifted from their 1 atm positions. Comparison with high-pressure spectra of solid CO 2 (dry ice; Hanson and Jones, 1981) reveals that the positions of these peaks in the spectra of two samples fit the spectrum of solid CO 2 at a pressure >5 GPa. The spectra are similar to those of CO 2 -bearing kimberlite diamonds reported by Schrauder and Navon (1993) .
The two CO 2 -bearing samples also show absorption bands at 1645 and 3420 cm -1 , which are due to the presence of water. Because the bands are very broad and the peak positions cannot be determined exactly, the pressure for the trapped water cannot be constrained. Water concentrations were estimated from the peak heights of their main absorption bands at 3420 cm -1 , using the 1 atm absorption coefficient of pure water, as given in Navon et al. (1988) . For the samples PY1 and PY3, water contents of about 64 ppm were estimated 968 GEOLOGY, November 1997 (the smaller MSPOPI sample contains about 250 ppm H 2 O). All samples also show bands at 480, 1222, and 1108 cm -1 , which are probably due to silicates. The spectra of the impact diamonds clearly differ from those of mantlederived diamonds (cf. Schrauder and Navon [1993] and references therein).
Comparison of the Popigai diamonds with microdiamonds recovered from high-grade metamorphic rocks (e.g., Dobrzhinetskaya et al., 1995) shows significant differences: the impact diamonds are devoid of nitrogen, and no water-or CO 2 -absorption lines are present in the metamorphic diamonds. The sharp absorption lines at 3107 cm -1 , which are attributed to hydrogen impurities (Davies et al., 1984) , are also absent in the impact diamonds.
TRACE ELEMENT AND ISOTOPIC COMPOSITION
The abundances of 31 minor and trace elements were determined by INAA in all bulk samples. The abundances are low, mostly in the parts per billion range; a few elements-Fe, Na, Zn, Ni-reach lower parts per million concentrations (Table 1 ). The contents of the siderophile elements Ni, Co, and Ir are enriched (up to 4.3 ppm, 0.9 ppm, and 0.2 ppb, respectively) compared to the abundances of lithophile elements in the diamonds (Table  1) and may indicate the presence of a minor meteoritic component (maybe introduced by hot vapor), similar to that observed in the impact melt rocks (cf. Masaitis, 1994) . The rare earth elements show distribution patterns (Fig. 4) that are similar to those of the target rocks with negative Eu anomalies (Masaitis, 1994) and may reflect minor mineral inclusions from the precursor graphite.
Carbon isotope data for the Popigai diamond and graphite samples are shown in Figure 5 , together with comparison data for kimberlitic (octahedral) diamonds and impact diamonds derived from the Chicxulub and Ries craters. The δ 13 C values for Popigai diamonds range from -20‰ to -8‰, and the two graphite samples (from Popigai) are also in this range. Earlier analyses yielded a more restricted range of δ 13 C, from -12‰ to -17‰ (e.g., Vishnevsky and Palchik, 1975) . The δ 13 C values are more depleted in 13 C than the majority of mantle-derived kimberlitic diamonds, but more 13 C-enriched than most biogenically derived carbon in sediments. The overlap in range for graphites and diamonds supports the conclusion that the Popigai diamonds are derived from graphitic precursors by shock metamorphism.
The nitrogen contents and isotopic ratios were also measured by mass spectrometry (cf. Gilmour et al., 1992) for some of our Popigai diamonds, but for most of them the concentrations were too low. The measured N contents ranged from 5 to 50 ppm, and the δ 15 N isotopic values range from -6‰ to +2‰. The N abundances are very low, several orders of magnitude lower than those of kimberlitic diamonds. The isotopic composition and abundance of the Popigai diamonds are similar to the only previous measurement of these values in impact-derived diamonds, i.e., Cretaceous-Tertiary boundary nanodiamonds (Gilmour et al., 1992) . The low N contents are expected if the diamonds are derived from nitrogen-poor graphite, but there are insufficient data on the nitrogen content of diamonds formed by chemical vapor deposition to eliminate that mechanism based on N content alone.
SUMMARY AND CONCLUSIONS
The presence of large polycrystalline diamonds in impactites from the Popigai impact structure, Russia, have mineralogical and crystallographic characteristics that are very similar to those of graphites found in the graphite-bearing precursor gneisses, indicating that these diamonds have formed by shock-induced solid-state (martensitic) transformation of graphite to diamond. This transformation seems to have occurred between about 35 and 60 GPa (on the basis of petrographic observations of shock phenomena in the host rocks). The size of the individual crystallites is ≤1 µm, and TEM studies show the presence of abundant thin lamellae. It is surprising that the diamonds contain minor inclusions with CO 2 at high pressure, which must have been included during the high-pressure shock transformation of graphite to diamond. This observation provides additional evidence against diamond formation by chemical vapor deposition processes. Trace element and carbon and nitrogen isotopic data, as well as the low N abundances, support the conclusion that the diamonds formed in situ by shock metamorphism.
